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Foreword

This report includes the results of a cooperative program

on X-ray diffraczion studies of cement pastes, hydrated phases,

and synthetic hydrates. The work reported formed a part of a

cooperative research program sponsored by the Committee on &sicIResearch Pertaining to Portland Cement and Concrete of the

Highway Research Bo"rd. The program on evaluation of methods of

identifying phases in cement pastes was initiated by Dr. George

Kalousek while Dr. R. C. Mielenz wa3 chairran of the committee,

and was conducted b5" a task group headed by Dr. Kalousek while

!)r. '.. L. DoIch was chairman o( the committee. Dr. DoIch became

chairman of the task group in 1969.

Under the Engineer Studies Program of the Office, Chief of

Engineers (ES Item 614.2) the Concrete Division of the U. S.

Army Engineer Iaterways Experiment Station took part in the co-

operative X-ray diffraction work. The work was done under the

supervision of Thomas B. Kennedy, Bryant Mather, and R. V. Tye, Jr.

The X-ray diffraction was done by Wis-.ur I. Luke, Delberr E. Day,

and Alan .D. Buck. The other cooperating laboratories provided

reports of their results to Katharine ather who prepared the

report as a section uf the report on the whole project.

Directors of the IVS while this wovk war going on were

COL ,\iex G. Sutton, CE, COL John R. Oswalt, Jr., CE, COL Levi A.

Brown, CE, . id COL Ernet.t !). Peixotto, CE. Mr. Joseph B.

Ti fany, Jr., and Mr. Fredericl. R. Bro-n were Technical Pirector.,.
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Sumirary

Pastes of three cements were examined by X-ray diffraction

at five ages in seven laboratories. Six of the laboratories

*used X-ray diffractometers and one used a focusing camera of

the Guinier type. Six laboratories examined hydrated phases

and synthesized hydrates. Thia is the first cooperative pro-

gram in X-ray diffraction of po-tland cement pastes and synthetic

hydrates of which we have knowle.'ge.

Pastes of ?1II three zements -ere mixed at water-cement ratios

of 0.35 and 0.65 and were examiner nfter hydration had been

stoppe-I at ages of 1, 7, 28, 90, and 365 days. Pastes of a

Type I cement at 3.35 water-cement ratio contained ettringite,

tetracalclum almninate monosul fate-12-hydrate, calcium hydroxide,

calcium silicate hydrate gel, and residual cement constituents.

Tetracalcium aluminate monosulfate-12-hydrate was detected at

7 days and increased thereafter at the expense of ettringite.

Compositions of pastes of this cement at 0.65 water-cement ratio

were similar to those of the pastes of 0.35 water-cement ratio;

the sequences of hydrates appearing and increasing, and cement

constituents diminishing and in some instances disappearing, were

more conspicuous. The sequence of development and constituents

present in pastes of a white cement at the two water-cement ratios

resembled the Type I pastes. Pastes of a third cement contain-

ing no tricalcium aluninate formed less ettringite than pastes

of the other two cements; ettringite persisted to one year;

vii Preceding page blank
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tetracalcium auinate monosulfate-12-hydrate was detected

only in trace amounts.

Spacings pr(t.ent in hydrated alite, hydratedpCS

tetracalcium aitninate hemicarbor.ato-l2-hydrate, tetra-

- calcium aluminate carbonate-li-hydrate, tetracalcium altmi-

nate monosulfate-12-hydrate, unstabl( tetracalciwa alwninate-

- 10. 5-hydrate, and ettringite, are reported.
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Examination of Cement Pastes, Hydrated Phases,[ and Synthetic Products by X-Ray biffraction

Incroduction

One of the techniques used to identify hydration prod-

ucts in cement pastes, hydrated phases, and synthetic

products was X-ray diffraction. X-ray diffraction has

been extensively and successfully used to study materials

of these types by Flint, McMurdie, and Wells, ( ') Taylorl 2' 4 )

Heller and Taylor,
(3 ) Turriziani and colleagues,

(5'6'7 )

Kalouse., (8 ) Midgley, (9 ) Kantro, Copeland, and Anderson,(
10 )

and many others.

The work reported here is the first cooperative inves-

tigation by X-ray diffraction of pastes and synthesized hy-

drates of which we are aware. All of the participants performed

a setvice to the community or cement and concrete research.

Participants

The participating laboratorieG are listed below. They

nre identified in subsequent tables by numbers that do not

correspon! to the li-;ted order.

a. Building Research Station, Garston, Watford,

Herts., UK.

L. Ideal Cement Cotqany, Fort Collins, Colo., USA.

c. Portland Cement Association Research and Develop-

ment Laboratories, Skokie, Ill., USA.

. Ube Kosan Company, Ltd., Central Research Labora-

tory, 1 7 - li- aza .oa-u:.h!, U;'e-Shi, Yamaguchi-Ken, Japan.



e. Universal Atlas Cement Division, Butfington,

Ind., USA.

f. Engineering Materials Laboratory, University of

California, Berkeley, Calif., USA.

g. Waterways Experiment Station, Concrete Division,

Vicksburg, Miss., USA.

App roach

Participants were asked to make their cxaminations and

report their data as they usually did, and if they wished to

do so, to modify their preced-ires. As a consequence of these

instructions, procedures differed widely from laboratory to

laboratory. in some cases procedures were modified within a

laboratory in the course of the program. While the absence

of prescribed procedures led to differences in results, the

opportunity to compare results obtained by following different

procedures with diffevent instrtments was most valuable.

Sa.ples - cerient pastes

The Research aIbvratories of the Universal Atlas Cement

Division prepared and distributed cement pastes (table 1)

which were exa.mined by six (f the participants. Pastes were

prepared at water-crent ratios of 0.35 and ".65, with three

cements: a type I cement of average comfosition, a white

cement, ind a zero C3A cement. The pastes were cured at 75 F

.or 1, 7, 2F, 9r, and 365 days. Twenty-eight of the 30 paste

s-.pi.-les co- t,,:ned ". to 0.2 percent C02, the other two C'.4

to v.5 percent C^, . Hydration was terminated 3t the selected

2



ige by crushing the paste to pass a No. 20 sieve, washing

the crushed sample In acetone, and then immediately subjecting

it to suction filtration. The sample was then dried in

vacuum for 24 hr at 40-50 pm Hg.

The seventh participant later prepared pastes at the

same two water-cement ratios, and cured them for 1, 3, 7,

14, 28, and 92 days. Each paste was examined as a wet lapped

slice and as a hard-dried powder. The results obtained were

very similar to those obtained by examining the pastes origi-

nally distributed.

Samples - hydrates ard synthetic products

Samples of hydrates of alite and 5-C2S, and of synthetic

products (table 1) were examined by most of the participants

(table 2). The preparation of the calcium aluminate mono-

sulfate used in this program has been described. (I I)

Instrumentation

The instruments used by the cooperating laboratories

are identified in table 3. Five of the diffractometers were es-

sentially standard models, but the sixth was equipped with a

fine-focus X-ray tube, curved-crystal monochromator, and a

Geiger-counter detector. The seventh laboratory used a fo-

cusing camera (of the Guinier type) with monochromatic copper

radiation because they had found it more able to detect weak

lines, and thus to detect small quantities, than their dif-

fractometer. Operating conditions reported are shown in

tables 4a and 4b.

3



Examination of pastes

X-ray diffraction was one of the methods used to iden-

tify and characterize hydration products in pastes. The

specific intentions in the X-ray portion of the program in-

cluded determining the sequence of hydration products de-

veloped in the three cements and the number and kinds of

products detected in different laboratories with different

instrumentation.

The available hydrated alite and belite, and synthetic

products offered the participants the opportunity of examin-

ing carefully prepared samples of substances that are present

or may be present in mixture in pastes and concretes. It

also presented an opportunity for comparing effects of con-

ditions during storage and examination on some of the substances.

Results

As previously stated no instructions on procedure were

included, with the result that in some of the participating

laboratories the samples were subjected to routine examination

while in others procedures were adjusted carefully to the

samples to maximize the information obtained. The previous

experience of the operators in examining hydrated cement

pastes ranged from none to several years experience; the

expertise of the X-ray operators also ranged widely. Be-

cause of the variations in approach, experience, and expertise,

the detail obtained and reported also differed considerably

from laboratory to laboratory. All of these variations should

4



be borne in mind in studying the tables qf constituents

identified in the cement pastes.

One of the laboratories ranked the constituents reported

as follows:

C = Compound certainly present (at least three lines

detected).

P = Compound probably present (at least two strong

lines detected; others overlapped).

D = Presence of compound can be doubted (one or two

lines just detectable; others overlapped).

U - Undetected.

Two listed the interplanar spacings which each regarded as

diagnostic of the constituent identified:

Interplanar Spacings, d, m x 10"10

Laboratory 3 Laboratory 6

,Et tringite 9.8 9.8

C4ASH 1 2  8.9 8.9
C "."Co. 51l2 8.2 8.2
C-A hydrate - 7.9
C4ACH 11  7.7 7.7
Calcium hydroxide 4.90, 2.63 4.9
Hydrogarnet 5.06, 2.54 2.54
C-S-H 3.03, 1.82 3.04, .98

Alite 2.97, 1.76 2.79
Belite 2.88* 2.88

C3A 2.69 2.69
Alurninoferrite SS 7.3, 2.65 7.3, 2.66
mg0 2.10 2.10

Calcite ** 2.29

* Line interfered with by C4ASH1 2
** Iith Cement No. 1, 2.10, 2.28; with cement No. 2, 3.88,

2.23, 2.10; with cement No. 3, 3.03, 2.28, 2.10.

5



Table 5, Characteristic Spacings of Constituents of Portland

Cement Pastes, Is a modified compilation to show useful spac-

ings and overlaps and interferences.

The compositions of the pastes examined in the program are

shown in tables 6 through 11 in terms of the constituents

reported by the participating laboratories as present at each

age of the pastes. Partial X-ray diffraction charts are

shown in rigs, I through 6.

All of the participating laboratories ,eported the pres-

ence of zqlcium hydroxide in pastes of all three cements at

both water-cement ratios at all ages. Ettringite was reported

in pastes of all three cements at both water-cement ratios at

all ages with one exception; none was reported in pastes of

cement No. 1 of 0.65 water-cement at 365 days (figs. 1-3).

C4ASH1 2 was reported ir pastes of all three cements at 0.35

water-cement ratio at all ages with two exceptions: none was

reported in pastes of cement No. I or No. 3 at 1 day; only

two labocatories reported it in pastes of cement No. 3.

Both indicated that it was present in small amounts only.

In pastes of 0.65 water-cement ratio, C4ASH 1 2 was reported

from cement No. I at all ages, and from cement Nos. 2 and 3

at all ages except 1 day. Again, only two laboratories re-

p..rted it from pastes of cement No. 3. Judging by the number

of laboratories reporting its presence in pastes of cement

No. 2 -t1., q.65 water-cement ratio at ages greater than 1 day,

these pastes contained more C4A§HI2 than any others in the

6



program (figs. 1-5). Hydrogarnet was reported by only two

laboratories; one reported it in pastes of cement No. I with

0.35 water-cement ratio at ages of 7 through 365 days; in

pastes of the same cement with water-cement ratio of 0.65 one

laboratory reported it at I day and two at all iater ages.

Apparently it formed more abundantly or more recognizably

in pastes with the higher water cement ratio (figs. I and 4).

In pastes of cement No. 2 with 0.35 water-cement ratio it was

reported by one laboratory at 365 days. In pastes of cement

No. 3 with 0.65 water-cement ratio it was reported by one

laboratory at I nnd 7 days and not thereafter.

Kantro, Copeland, and AndersonGI ) reported hydrogarnet in

pastes of cements of several types; it has also been reported

from field concretes.(1

C-S-H was reported in pastes of all cements at both

water-cement ratios by one to five laboratories.

Three other hydrates were reported: C4ACH1 1 , C4AHX ,

and C3AH6. The first was reported at one or moce ages in

pastes with both water-cement ratios from cements No. 1 and

2; it was not reported from pastes of cement No. 3 except

in pastes of 0.65 water-cement ratio at 365 days. It appears

that when it formed it formed more abundantly from pastes of

0.65 water-cement ratio. It was least abundant in pastes of

cement No. 3 in which less ettringite developed than in pastes

of cements I and 2. C4AI, characterized by a line at 29 A

7



was reported by two laboratories at one or more ages in the

pastes of 0.35 water-cement ratio of all three cements, as.d

by one in the pastes of 0.65 water-cement ratio of cements

No. 2 and 3. Another laboratory reported it from pastes of

cement No. I of 0.65 water-cement ratio at two ages. One

laboratory reported C3A.6 in paste of cement No. I wirh

0.35 w/c at one age as doubtful.

Unhydrated constituents , all cements were reported.

Alite was reported from all pastes at all ages, but in pastes

of 0.65 water-cement ratio the nuber of laboratories report-

ing it fell off sharply at 365 days. Belite was also reported

from all pistes at all ages. Alzuinoferrite solid solution

was reported in pastes of cements 1 and 3 at both water-cemeat

ratios at all ages. MgO was reported only from Cement No. I

in pastes of both water ratios at all ages. C3A was reportzd

in pastes of cemert 1 at 0.35 w/c at all ages, and through

28 days in pastes of 0.65 w/c. It was reported through

28 daya in pastes of cement No. 2 at 0.35 water-cement ratio

and through 90 days in pastes at 0.65 water-cement ratio.

One laboratory reported calcite at one or more ages in
pastes of all three cements ia t.6 water-cement ratio.

One laborat)ry compared iffractometer traces made with

the same operating conditions for each cement at each water-

cement ratio and age to see what effects of water cement ratio

could be detected. With logarithmic operation of the rate

8
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meter and full scale deflection equal to 4000 counts per sec,

beam slit I deg, 3 deg beam slit as Soller, and 0.2 deg detector

slit:

(1) Background levels in pastes of cement No. 1

and No. 2 were lower than in pastes of cement No. 3.

(2) The heights of the calcium hydroxide peaks at

18 and 34 deg two-theta increased in pastes cured longer

than I day, and were greater in the pastes uf higher water-

cement ratio. The net intensity of these peaks was less in

cement No. 3 than in pastes of the other two cements.

(3) Age by age, the pastes 'f 0.35 water-cement

ratio contained more conspicuous remains of the structure of

the unhydrated cement.

(4) In pastes of cement No. I CH was more abundant

in the pastes of 0.65 w/c. Ettringite was more abundant in

pastes at 0.65 water content at I and 7 days, less abundant

at 28, 00, and 365 days. C4ASH12 was more abundant at 7, 28,

90, and 365 days in pastes of 0.65 water-cement ratio. Hydro-

garnet increased from 7 days through 365 days in the pastes

of 0.65 water-cement ratio. If the lines at 5.94, 2.97, and

1.76 A are taken as unequivocal evidence of the presence of

ai.te, the 5.94 A line was recognizable in the pastes of

0.35 w/c through 28 days but was only present at I day in

those of 0.65 w/c; the line at 2.97 A is recognizable but

very very weak at 365 days, and the line at 1.76 A through
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365 days in the pastes of lower w/c. In the pastes of

0.65 water-cement ratio 1.76 is perceptible through 28 days

but 2.97 is not. The 2.70 line of C-A is probably present

at 7 days, not thereafter, in the pastes of 0.65 water-cement

ratio; in the 0.35 w/c pastes it is present at 28 days but

thereafter only the aluminrerrite line at 2.683 can be recog-

niz.d. At bcth water-ceient r~tios, MgO decreased notit:eably

from 1 to 7 dys but did not change perceptibly thereafter.

In tl-. pastes of both water-cement ratios the 2.88 piak ap-

peared to increase fr'am 7 days over what it was at 1 day,

showing the presence of C4A1 1I2 and rendering the peak only

dubious evidence of belite. The aluminoferrite line at P2 deg

two-theta was present ct all ages in pastes of 0.35 and 0.65

water-cement ratio.

(5) In pastes of cement No. 2 with both water-

cement ratios the apparent intensities of the calcium hydroxide

line at 4.92 A increase with age. The ettringite lines are

more intense in the pastes of 0.65 water-cement ratio through

90 days; C4AS,:2 is present at 1 day in the pastes of 0.65

water-cement ratio and increases thereafter to 90 dAvs, dimin-

ishing apparently at 365 days. The 2.88 line (ininishes from

I day througn 90 days and then increases at 365 in the pastes

of 0.65 water-ceient ratio. In the pastes of 0.35 water-

cement ratio, the 2.88 line increases from 7 days, showing

the increase in CS!ASH1 2 but making the spacing dubious as

evidence of belite. The C3A line at 2.70 A persi..ed to

10
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7 days in the pastes of lower water-cene,,' ratio, and was

detectable at 1 day in the 0.65 water-,ement iatio paste.

In the paste of lower water-cement rftio the 2.97 A and

1.76 A lines of "ite persisted at 3.> days; in the paste

of l'ighe, ",ater content, the 2.97 lne ,.ts not recognized

at 90 days, the 1.7( A line was detects, Le at 90 but no. at

365 days.

(6) Pastes of cement No. 3 at both water contents

contained ettrirgite at all ages; C4 ASH 1 2 could be detected

in pastes cured more than I day but it was less conspicuous

than the ettringite. The belite line at 2.88 A waa barely

perceptible at 7 days in the paste of higher water content

but persisted until 28 days in the paste of lower water con-

tent. The alite lines at 2.97 and 1.76 A were detected at

365 days in the paste of lower water contett; t:he 2.97 A

line was detected at 28 days and the 1.76 A line was oeatly

detected at 90 days in the paste of higher vater content.

Aluminoferrite lines including the weak line at ,.66 A per-

sisted at 365 days in pastes of both water contents.

Table 12 shows scaled intensities of characteristic

peaks of ettringite, C4 AS111 2 , and calcium hydroxide of

pastes of all three cements at 0.65 water-c-.cnt ratio.
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Exa:ination of hydrates and synthetic products

Two reports of spacings of hydrated alitr c'ired 5.3 years appear in

table 13 I: contained calcium hydroxide an" C-S.-H gel represented

broad lines at 3.07 and 1.82 A (fig. 7). Laboratory 6 re-orted a line

at '.97 not resolved by laboratory 3 and identified it as another C-S-i

8 el spacing. Laboratory 3 described the spacing at 3.066 A as a broad

.syonmetric hump from, about 26 to 38 two-theta, rising steeply from 28

to 21,.3 and then sloping ?,enclY to background at 38. The spacing at

1. ,1' A was described as a symu..etrical hump about 2.5 two-theta broad at

tho bac*qtroin, level. No residual lines of unhydrated alite were found

"v in.v of the participant.; and the third spacing oF near-amorphous C-S-H

at -,out 2.,q was apparently inconspicuous.

The hydr.ed 'z-' (table 14) contained less calcium hydroxide, a

er', - n:iber of spacing.s characteristic of unhydrated ?-0 2 S, and the

.sdni:-, a- 2.,7 A (reported by three laboratories) identified by labora-

tory , as C-S-H .'el, as ,ell as ,pacings at 3.05 or 3.>6, 2.,;15(?, or

2.7- , a:n, 1.81" or 1.32;, characteristic of almost amorphous C-S-H gel.

Three hexa, oial plIty calci'i- aluminate hydrates with additional

anions ,ere examined :y no;t of the participating laboratories. Results

are rep)orted in tables 15 throu,:h 17.

C4,ACo. 5 Hl2 was examined in: six laboratories; in four of these .h-

sa-.ple contained C4 AC. -,H 0 as well as C4 ACo0 .5 HI 2 . It also containec.

a .;.nall amount o, C3AHl. Dosch and zar Strassen (! 3) ootained C4AC0 .5 H 2

wit: a basal .picinv o. .2 .% .t 81 percent relative humaidity and a

deh':dratio:n p.,:uct "wiL a 1-.1 sp.acirs. of 7.7 A and a water content

12
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recorded as 9 H20 at II percent relative humidity; it does not appear

that they investigated the production of the partial dehydrated phase

at higher hu.idities. Since the 7.7-A phase appeared in four laboratories

;t seems probable that dehydration of the 8.2-A phase begins at relative

humidities above 11 percent. Dosch, Keller, and zur Strassen (14) have

found that the C03 content of the material described by Seligmann and

Greening 1 )) as C 3A.1/2Ca(0H)2 -l/2CaC03-Hx (equal to C4 A% 0s{x, ranges

frax.i 0.25 to 0.5, which reconciles the previous disparity of vievs on the

carbonate content of the substance.

Table l shows spacings Of C4 A,"11lI reported by two laboratories.

Very small anounts of C3AH6 were reported by four of the six laboratories

that examined this sample. There was no indication that any dehydration

stage of C4AHI11 was present.

Spacings of tetracalcium aluminate monosulfate-12-hydrate (C4ASHI2 )

recorded by two laboratories are shown in table 17. Five laboratories

exam.ined tais sample; all found a very sr.all amount of ettringite with

the monosulfate. Partial dehydration of the sample occurred in three

of the laboratories; in two of them it took place because the sample was

:;to.red or exa."ined at reduced relative htmidity but in the third it ap-

parently resulted from laboratory ambient relative humidity. In one

Iaoratory it was stored over CaCI2 (at a relative humidity of 33 percent)

f.r three days before X-ray examination. In another it was first ex-.inec

in a --tatic nitrogen atmosphere--in which it was partly dehydrated--and

;ub:.equently rehydrated by storing it in a sealed container for one wee,

ov-er :1, (:13 )2"6H*2 whic:, produces a relative h=.'.ity over )0 percent at

13



I.

about 23 C (55% r.h. at 18 C, 21.5 at 31 C) which returned all of the

sample to the 12-hydrate condition.

Sample 40 was prepared to have the composition C4AHI" 5 " As exa:ined

vy ire laboratories it appeared to have been unstable. Reports Irom

three of the laboratories are shown in table IS, with interpretations pro-

-i.'ed by the writer. A srmary of all five reports follows:

Lab orator

I C4AH1 3 , C4A1CII11 ; C3AH6, CH

3 C4AI 1 3; C3 AH6, Ci
3 C4 AC0 5HI,, C3AU6 , CH

C4 A0.51 1 2 , C4ACo.5HIo; C3AH6 , CH

I C' C4 AC 0 . 5 1 2 , C4A1I3 ; C3A1 6, CI

Carbonation and dehydration affected the portions of the sample differently

in *our of the laboratories.

Sample 41, ettringite produced at the National Bureau o' Standards,

was examined by five laboratories; rgquits from two appear in table 19.

one laboratory examined another sample of ettringite prepared by the

Portland Cement Association Research and oevelopment Laboratories and

found it comparable to the sample prepared by the National Bureiu of

Standards with the additicn of two or three weak lines. Card 9-1,14,

rttringite, in the Powder Diffraction File (1 6 ) lists spacings from 9.73

to 1.768 A, includiT'g a total of 30. Participants in this program, re-

ported 21 to 54 spacings in this range including a few not shown on the

card which are believed to represent one or more additional constituents

the e .re Taylor( 1 7 ) have described th_ structure of

14
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naturally occurring ettringite from Scawt Hill. The crystal symmetry

is trigonal with space group P31c; some crystals are hexagonal either

Decause of partial disorder or twinning. The authors regard disorder as

the ;ore probable explanation.

One laboratory examined a sample prepared to represent P :oiid solu-

tion between C4ASH1 2 2nd C4A.11 3 with SO3 to A1203 as 0.75 to 1.00. The

con.;tituents recognized were C4ASH1 2 , C4ASH1 0 , and C4ACHII although the

sample was examined in a chamber which had an atmosphere abcve 90 percent

relative humidity.

D c;:ssion:detection of C-S-I gel

The results of examination of the hydrated silicates appear to show

that C-S-H gel produced by _he paste hydration cf alite or i-C2S for

j.3 years yields broad weak rpacings at about 3.05 to 3.07 A and 1.82 A,

with the more intense at 3.05-3.07 A asymnetric, dropping steeply toward

Lower diffraction angles and tailing iff gently to about 38 two-theta; the

third spacing at 2.v^ A reported for nearly amorphous calcium silicate

1 (18)hydrates hy Taylor was not conspicuous in the hydrated alite (table 13,

i,. 7) examined in this program and was masked i. the hydrated -C2S by

re:idual unhydrated material. The cement pastes of G.65 w/c hydrated 7or

i I ar (fig. 7) had the 2.80-;° spacing masked in part by hydrogarnet and

unhydvrated silicates (ccient No. 1), by residual unhydr',ted silicates

(cement No. 2), and by residual silicates and alumino-errites Icement

No. 3). The -astes of 0.33 w/c at 365 days retained more unhydrated m:a-

terial and accordingly the 2.5 A spacing was not detected.

It anpears to the writer that the results with respect to detection

of C-3-ll gel ;how the success oL three approaches followed ",v participants.

15



These are:

(1) Use of the Guinier camera.

(2) Use of a diffractometer with a wide detector slit,

(beam slit 30, 3 beam slit as Soller, 0.20 detector slit), at a

scanning speed of 0.20 per minute with logarithmic rate meter

operation and full-scale chart deflection of 4000 counts per second.

Radiation was nickel-filtered copper.

(3) Use of a diffractometer with an 0.006 in. receiving

slit (about 0.080) and a 10 divergence slit (from 20 to 60 two-

theta) or an 0.50 divergence slit (from 8 to 20 two-theta) at

n scanning speed of 0,1250 per minute with linear rate meter op-

eration and full-scale chart deflection of 100 counts per second.

Radiation was monochromated copper.

Both diffractometer techniques are suitable for use on

samples producing broad peaks and both yield a small theoreti-

cal relative statistical deviation.(19)

Problems in identification of paste constituents

Scveral kinds of problems perplex the X-ray diffraction

investigation of portland cement pastes. The diffraction pattern

of unhydrated portland cement is in itself complex and many of

thezspacings are contributed to by more than one constituent.

Mai:y of these spdcings of unhydrated cement persist in the hy-

drated pastes, particularly those of low water-cement ratio,

although they diminish with the progress of hydration. A nwmber

of njpacings of hydratior products superpose upon spacings of

unhydrated cement or upon spacings of other hyd,-ation products.

16



An important constituent of pastes, C-S-H gel, is almost amor-

phous and produces broad weak inconspicuous spacings. The

platy hexagonal hydrated calcium aluminates with and without

additional anionic groups have some spacings in common because

they have similar crystal structures, and structural units in

which ao is of the order of 5.73 A + 0.03. They can be dis-

tinguished by measuring the longest spacing accurately but this

is not simple. In the first place, these long spacings lie in

the regio. of lower diffraction angles where errors in spacing

due to errors in measurement of two-theta are maximized.
( 20 )

In the second place, a number of these substances are susceptible

to carbonation and dehydration in ambient conditions found in

laboratories that participated in this program, and that have led

to many anomalies and disagreements in the literature.(13,
14 ,1 5,2 1,2 2).

The discussion in the preceding pai'a6iLph suggests that

substantial improvements in the state of the art of examining

'eieent pastes (and paste concentrates from concretes) require

control of the temperature, relative humidity, and nature of

the atmosphere in which the samples are prepared for X-ray

diffraction and in which the examination is conducted. Kantro,

Copeland, and Anderson(10) and Copeland, Kantro, and Verbeck
(2 3)

described procedures for achieving such control; Jones and

Roberts( 24 ) describe precautions taken in work with calcium

aluminnte hydrates which they noted were not always satisfactory

in result3. 3eligmann and Greening ") discussed additional

17



(25)control measures; Dosch has described sophisticated ap-

paratus; many diffractometers have been equipped with shop-

*made chambers that permit atmosphere control of some sort in

laboratories where clays are examined. Even relatively simple

control methods that permit maintaining a high humidity nitro-

gen atmosphere in a chamber surrounding the diffraction sample

will greatly improve reproducibility in the examination of

atmosphere-sensitive materials. However, the anomalies reported

with respect to water content and basal spacing of many of the

4 substances are still subject to disagreement.(1
4 ,22)

Identification of platy hexagonal hydrated calcium aluminate with

and without additional anions. A considerable list of these

substances can be made in which ao is about 5.73 and co varies

widely; co varies with wpter content but a0 apparently does

not.(22 ,2 6 ) Mixed crystals containing iron as well as aluminum

can be formed in the C4 (A,F)Hy and C4(A,F)SHx groups at least

and are not likely to be distinguished by X-ray diffraction from

the unsubstituted forms. The ultimate products of cement hydra-

tion are believed to be substituted C-S-H gel, low-sulfate cal-

cium sulfoaluminoferrite hydrate, the lowet sulfate form of

calcium sulfohydroxyaliinate hydrate, aluminosilicate hydro-

garnet, and calcium hydroxide--except that in cements of rela-

tively low C3A content, ettringite and unhydrated calcium

aluminoferrite solid solution may be present. (27) However, other

products have been found in early hydration stages of mixtures

simulating pastes. (27,28)

~18



A list of the platy hexagonal hydrates which may be

thought to jxist in cement pastes or mixtures like cement

pastes is given below. Polytypes are not distinguished;

C2AH,3 , C4A(Cl 2)H10 , and C2ASH 8 (gehlenite hydrate) are omitted.

Second
Order
of Basal Low Order

Basal Spacing (0001) Spacing (hK'0)
Composition d,A I dA _I d,A j

C,Al1I9  10.6 vvs 5.32 w 2.88 s

C4A113  7.92 vvs 3.95 m 2.88 s, 2.86 vs

I C4ACHII 7.60 vvs 3.80 ms 2.36 m

SC 4 AC0 . 5 H1 2  8.20 vvs 4.11 mw 2.83 vs

C4AC0.51{9 _1 0  7.77 vvs 3.88 s 2.V'0 vs

* C ASH14 -16  9.6 4.80 2 .87? vs

C4.AS1112  8.96 ws 4.46 s 2.U7 vs

C4AS1110  8.20 vvs 4.10 s 2.87 vs

C4ASW 8.0 (3.05-7.95) N 4 .0

Host of these have a moderate to very strong spacing at 1.66 A.

As noted earlier, the long spacings fall in the range where

errors in d due to errors in i.easurin., two-theta are maximizeI.

There are however means of increasing one's confidence that

neasurements in this region are adequately accurate. When et-

tringite is present and detectable, its spacings at 9.73 and

5.61 A are usually recognizable; if they are consistently read

as 1.73 + 0.02 and 5.61 + 0.02 the spacings in between those two

umay be believed to be as read. If the sample being examined is

a powder, it con be front-loaded and packed hard in the hope that

j 19



preferred orientation of the platy hexagonal hydrates will

be achieved and the second order of the basal spacing, which

falls in a region in which spacings are less influenced by

small errors in two-theta, will be accentuated. Some spacings

and combinations are likely to remain ambiguous; these include

the pair 7.92 and 7.77 (i. it is possible Lo raise the humidity

far enough 7.92 should go to 10.6; 7.77 should go to 8.20 but

no farther), the pair 7.77 and 7.60 (7.77 should go to ".20

with increasing humidity but 7.60 should not change), and 8.20

(if it is C4ASH10 it will go to 8.96 ut if it is C4AC0 .HI2 it

will not). Without the ability to control and change humidity

around the sample it will be extremely difficult to establish

the presence of C4AII13 as distinguished from C4 AC0 ,511.0lo (or

C4 .\SH8--which is not likei, to form except in pastes dried at

elevated temperature or over P205 (25) ) or to interpret a line

at ,.2 A.

Conclusion

A-ray diffractions permit the identification of many sub-

stances in cement paste. These include ettringite, calcium hy-

droxide, hydrogarLiet, C-S-I gel, tetracalcium aluminate carbonate-

!l-hydrate, and substances in residual unhydrated cement such as

calcium altninofrerrite solid solutions, MgO, and residual silicates

(but seCL (2)). If the humidity of the room is high enough or

the atmosphere around the sample can be controlled, tetracalcium

alu:,inate sul-ate-12-hydrate can also be identified (or the

;ul .atc -hydro:-:id,, solid solutions). Direct determination of

20



*I
C4 Ali 3 if present in pastes requires control of humidity around

the sample because it may easily be confused with other possible

constituents.

* All those who participated in this program are indebted

for a valuable educational experience to Dr. George Kalousek

who suggested and planned it, to those who prepared the pastes,

and to Dr. Berman, Dr. Brunauer, and Dr. Greening who provided

synthetic preparations and hydrated phases.
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Table I

Cement Pastes

Sample Numbers of Pastes

Curing Period, Days
Cement W/C 1 7 28 90 365

No. I (Type I) 0.35 1 2 5 13 25
No. 1 (Type 1) 0.65 3 4 6 14 26

No. 2 (1- lite) 0.35 7 8 11 15 27
No. 2 (White) 0.65 9 10 12 16 28

No. 3 (Zero C3A) 0.35 17 18 21 23 29
No. 3 (Zero C3A) 0.65 19 20 22 24 30

Laboratories I through 4, and 6, examined all 30 samples.

Laboratory 5 examined samples 7 through 30.

Hydrated ?hases and Compounds

Sample No. Description Source

35 Hydrated alite Hydrated 5.3 years PCA
36 Hydrated S-C2S Hydrated 5.3 years PCA

37 Tetracalcium aluminate hemicarbonate-12-hydrate PCA

32 Tetracalcium aluminate cart'onate-11-hydrate PCA

39 Tetracalciun aluminate monosulfate-12-hydrate NBS
40 Tetracalcium aiuminate-10.5-hydrate PCA
41 EUtringite NBS

- Ettringite PCA



Table 2

Hydrated Phases Examined by Six Laboratories

Laboratory Number
Sample No. 1 2 3 4 5 6

35 Hydrated alite* x x x - x x
36 Hydrated 3-C2S* x x x - x x
37 Tricalcium hemicarboaluminate* x x x x x x
38 Tricalcium monocarboaluminate* w x x x x x
39 Calcium monosulfoalwninate** x x x x - x
40 C4AHIo * x x x - x x
41 Ettr ngte** x x x - x x

- Monosulfate (0.75 S03/A12 03)*- - x - - -

- Ettringite* - - x - - -

* Prepared by the Portland Cement Association Research and Develop-
ment Laboratories.

.-: Prepared by the National Bureau of Standards.
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ITable 3

Instrumentation

Laboratory
1 2 3 4 5 6 7*

Dif fractmeter
General Electric - x x .. . .

Norelco x - - x - - x
Rigaki Denki .... x - -

Guinier Camera x -

Monochromator x X**

Radiation CU Cu Cu Cu Cu CuKa CuKa

Filter Nickel Nickel Nickel Nickel Nickel
0.0007 0.0007
in. in.

Detector
Film ..... x -

Proportional Counter x - x -.. .

Scintillation Counter - - - x - -

Geiger Counter .-.... x

* One examination made using a high-intensity X-ray tube, nickel filter,

pulse height analysis, and a proportional counter as a detector.
** Curved crystal monochromator with fine focus X-riy tube and geiger

counter detector.
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Table 5

Strong Lines and Interferences in Portland Cerent Pastes

d, m x 10 -10

.7 3 (l) Ettringite I = 100; 9.6 A C4 ASH 14 15 ( 2

'0 " 4ASHI12 (0001)(3)

8.2 C4 AI10, C4 Ad0. 5 111 2
( 4 )  (0001) of both

7.95 C4 AH1 3 (
6) (0001)
(4)

7.77 C4A0. 59 (0001)

(4)
7.62 C4AC11l0-11 (0001)

7.2-7.4 Aluiwnoferrite solid solutions(7) 7.2 of

5.94 Alite(7)

5.61 Ettringite, I = 31

3.06 Hydrogarnet (8 ), I = 95

4.90 H C4 A 2 weak

4.69 Ettringite, I 36

4.62 C4AC0.5H12

4.4S C4ASH 12 ; C4AH1 3 weak

4.38 ..Hydrogarnet., weak but not subject to interference.

4.0 C4.AC 0 5H12 ; C4ASHI0  (0002)

4.00 C4AS111 2

3.95 C4AH1 3  (0002)
S383 Ettringite; C4 AC 5 HI 0  (0002); C4 AC0 H 2 ; C4AH1 3 weak; Alite;

Calcite weak.

3.78 C4ACHII (0002)

3.66 C4A9HI2 ; aluninoferrite solid solution 3.63-3.70

3.62 C4 A 113 weak

-3.48 Ettringite, probably not detected.

.. o
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Table 5 (Continued)

d, m x 10 -10

3.30 Hydrogarnet, weak but not interfered with in paste

3.112 CH, ordinarily masks 3.10 of Hydrogarnet

3.06 C-S-H

3.04 Alite, Belite, 3.035 of calcite (1 )

2.97 Alite

2.88 C,A§H1 2, C4AH 1 0 , C4AC0 5 H 1 2, C4AH13 ; Belite
(7 ), C4ACHII 2.86;

C4AH13 2.86

2.80 C-S-H

2.77 Alite and Belite, Hydrogarnet, Ettrin3ite

2.75-2.A Al.te and Belite; C4ASH1 2 2.72

2.70 C3A; 2.69 of C4AH13

2.63-2.68 Aluminoferrite solid solutions

2.628 CH I = 100

2.564 Ettringite

2.54 Belite, C4ACo. 5H1 2 , 2.53 of Hydrogarnet; 2.524 C4ACH1ll
( 7 )

2.495 Calcite, C4AH1 3 , C4ACHII

2.47 C4AH13

2.45 C4AH1 3 , C4ASH 1 2, C4AC0.5H1 2

,, # GASH12 , C4 ACHII

2.40 CaO - improbable in paste

2.35 C4AC0 .5H1 2, 2.34 of C4ACHj1

2.285 Calcite - weak

2.27 Hydrogarnet, I = 100; 2.26 of C4ASH 12

2.23 Ettringite, C4 AC. 5H1 2

2



Table 5 (Continued)

d, m x 10-10

2.209 Ettringite

2.185 Alite, Belite

2.169 Alite, Belite

2.10 MgO I = 100; 2.095 Calcite; 2.09 weak Alite, Belite

2.07 C4ASHI2

2.00 Hydrogarnet I = 95

1.927 CH

L796 CH

1.687 CH

1.66 C 1ASII12 , C4AEo. 5HI2 , C4ACIIII, C4AHI3

32.
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Table 6

Cement No. 1: Constituents of Pastes with W/C = 0.35

Curing, Days
1 7 28 90 365

Ettringite x x x x x

C4ASH 12  - x x x x
Calcium hydroxide x x x x x
Hydrogarnet - tr? tr? x x

C4ACH - - - x tr

C4AHx - x x x -

C 3AH 6  - - ? -

C-S-H x x x x x
Alite x x x x x

Belite x x x x x

C3A x x x x x
Aluminoferrite x x x x x
Mgo x x x x x

NOTES: tr = trace; tr? = possible trace.

Laboratories Reporting Each Constituent

Ettringite 6 6 5 5 2

C4ASHI2  - 4 4 6 3

Calcium hydroxide 7 7 7 7 6

Hydrogarnet - 1 1 1 !

C4ACHIl - - - I 2
C4 AIL, (Total of 2) -1 1 1 -

C3 A1 6  - - - -

C-S-H 1 2 4 5 5
Alite 4 4 4 5 3

Belfte 4 4 4 5 2

C3A 5 4 4 4 1
AlL-ninoferrite 4 4 4 4 2

li0 4 4 4 5 3



Table 7

Cement No. 2: Constituents of Pastes with W/C - 0.35

Curing, Days
1 7 28 90 365

Ettringite x x x x tr?
C4ASH12  tr? x x x x
Calcium hydroxide x x x x x
Hydjogarnet .... tr?
C4ACH11  - - x x
C4 AHx(3) - - x x x
C-S-H x x x x x
Alfte x x x x x
Belite x x x x x
C3A x x x - -

NOTE: tr? - possible trace.

Laboratories Reporting Each Constituent

Ettringite 5 5 5 4 1
C4 AgHl 2  2 4 5 5 2
Calcium hydroxide 7 7 7 7 6
Hydrogarnet - - - -
Ci4ACH 1  - 2 1
C4 H.x - - 1 1 1
C-S-H 1 2 4 5 4
Alite 5 5 5 5 3
Belite 5 5 5 4 3
C3A 5 2 2 -



Table 8

Cement No. 3: Constituents of Pastes with W/C 0.35

Curing, Days
17 28 90 365

Ettringite x x x x tr
C4ASH12  tr? tr tr tr tr?
Calcium hydroxide x x x x x
C4AHX tr----
C-S-H x x x x x
Alite x x x x x
Belite X X x x X
Aluminoferrite x x x X X

NOTrES: tr =trace; tr? =possible trace.

Laboratories Reporting Each Constituent

Ettringite 4 3 4 5 2
C4ASH 12  1 2 2 2 1
Calcium hydroxide 7 7 7 7 6
C4A1{x 1 - - - -

C-S-H 1 4 4 5 3
Alite 5 5 5 5 5
Belite 5 4 4 3 2
Aluminoferrite 6 6 6 6 6



Table 9

Cement No. : Constituents of Pastes of W/C 0.65

Curing, DaysS_7 28 9_0 365_

|

IEttringite x x x x -
CAHi2 x x x x x

Ca(OH)2  x x x x x
Hydrogarnet tr? tr tr tr tr
C4AHx  - - P D -

C4ACH11  - tr x x tr
C-S-H x x x x x
Alite x x x x x
Belite x x x x x
C A x x tr? - -

Aiuminoferrite solid solution x x x x x
mgO x x x x x
Calcite tr tr - - -

NOTES: tr? = possible trace; P = possible; D doubtful.

Laboratories Reporting Each Constituent

Ettringite 6 4 4 4 -

C4ASH 2  1 6 5 6 5
Ca(OH)2  7 7 7 7 6
Hydrogarnet 1 2 i 2 2
C4AHx - - 1 1 -

C4ACHiI - 3 3 4 1
C-S-H 1 1 4 4 2
Alite 4 4 4 5 1
Belite 4 4 4 4 2
C 3A 5 3 1 - -

Aluminoferrite solid solution 4 4 4 4 1
MgO 4 4 4 5 2
Calcite 1 1 - - -

i



Table 10[ Cement No. 2: Constituents of Pastes of W/C = 0.65

Curing, Days
1 7 28 90 365

Ettringite x x x x x
C4 AgHl2 x x x x

Ca(OH)2 x x x x x

C4AH x  .... x
C4 ACH11 x x x x tr
C-S-H x x x x x
Alite x x x x x
Belite x x x x x
C3A x x x x -

Calcite tr? ....

NOTES: tr = trace; tr? = possible trace.

Laboratories Reporting Each Constituent

Ettringite 6 5 5 4 4
C4 ASHII - 7 7 6 5
Ca(0H) 2  7 7 7 7 6

C4AHx - - - - 1
C4ACHII (Total of 3) 1 2 2 2 1
C-S-H 1 3 4 4 3
Alite 5 5 5 5 1
Belite 5 5 5 4 2
C3A 5 2 2 1 -
Calcite I - - -



Table 11

Cement No. 3: Constituents of Pastes of W/C 0.65

Curing, Days
1 7 28 90 365

Ettringite x x x x x
C4ASH12  - tr tr? tr ?

Ca(OH)2 x x x x x
C4AHx - tr - tr -

C ACHII tr?
C-S-H x x x x x

Alite x x x x tr

Belite x x x x Y
Aluxninoferrite solid solution x x x x x
Calcite tr tr t;: tr -

NOTES: tr = trace; tr? = possible trace.

Laboratories Reporting Each Constituent

Ettringite 4 4 4 4 2

C4ASHI2  (Total of 3) - 2 1 2 1
Ca(OH)2 7 7 7 7 6

Hydrogarnet 1 1 - - -

C4 A1 x  - 1 - 1 -

C4ACHII - - - - 1

C-S-H 1 4 4 4 3

Alite 5 5 4 4 1

Belite 5 4 3 2 1
Aluminoferrite solid solution 6 6 6 6 5

Calcite 1 1 1 1 -



Table 12

Intensity Relations Among Some Constituents
of Pastes of 0.65 qater-Cement Ratio(l)

Peak Height Above Background, Counts/Second
Age, Days

1 7 28 90 365

Cement No. i -Type I

Ettringite 87 21 <5 (est) tr (est) -

C4ASH 2  - 41 72 74 58

C4AC1il (Note 2) - pr pr pr pr
CH 489 417 702 842 679

Cement No. 2 - White

Ettringite 47 28 18 5 (est) tr

C4 ASHI 2  - 26 39 41 34

C4AI[1 I - tr? tr pr pr

CII 653 848 692 492 435

Cerent No. 3 - Zero C-A

Ettringite 20 20 20 5 (est) <5 (est)

C4A-I1 2  - tr tr? tr ?

CH 460 986 1019 752 821

(1) Determined by scaling peak heights and adjoining background with dif-

fraction conditions as follows: 50 KVCP and 21 ma, Cu radiation with

"i filter, 10 Beam Slit, 30 BS as Seller, 0.20 detector slit, full

scale deflection of chart 1000 counts, linear rate meter operation,

time constant 8 sec, December 1966. Peaks scaled were 9.7 A (ettringite),

8.98 A (C4ASH 12 ), and 4.92 A (CH).

(2) C4ACII1 was not scaled but its presence is noted as trace, possible
:race, or present.

4 -



Table 13

Sample 35: Hydrated Alite Cured 5.3 Years

Laboratory 3 Laboratory 6

4.92 83 CIt 4.9 vs CH
3.11, 28 CH 3.12 ms CH
3.066 12 C-S-H** 3.07 m/b C-S-H

2.98 vvw C-S-H

2.78-6 5 C-S-H 2.83 vvw
2.62 100 CH 2.63 Ws CH

2.46 vvw CH

1.92, 43 CH 1.93 vs CH
I.,R 5 C-S -H**#: 1.83 w C-S-H
1.71" 29 CH 1.80 vs CH
1.686 15 CH 1.69 s CH
1.635 1 CH 1.64 vw CH

1.554 2 CH 1.56 m CH
1.483 7 CH
1.449 7 CH

* Net peak height referred to net height of most intensc peak as 100.
Hump from 26 to 38 two-theta, falling off steeply from 29.3 to 28
two-theta.

*** About 2.5 two-theta wide at the base.



Table 14

Sample 36: Hydrated G-C2S Cured 5.3 Years

Laboratory 3 Laboratory 6
d * __ __ __ __ _ 1 _ _ _ _

4.91 1" CH 4.91 ms CH
4.6' 1 5-C2S

3.34 vw C 2S
3.23 2 8-C2S
3.11 16 CH 3.11 ms (H

3.052 31 C-S-H, CaC03?** 3.06 ms/b C-S-11
2.966 21 2.97 w/b C-S-H
2.877 16 2-C2S 2.88 mw C2S
2.815 17
2.781 21 5-C2S 2.79 m C2S, C-S-I
2.73" 19 3-C2S 2.75 w C2S
2.726 10 3-C2S
2.627 60 CH 2.63 vvs CH

2.61 w C2S
2.51.7 2 8-C2S
2.4L2 4 -023, C H 2.44 w CH, C2S

2.404 4 3-C2S 2.41 vw C-S-H, C2S

2.27- 3 "-C2S 2.28 w C2S
2.1' "  7 .-C2S 2.19 mw c2S
-2 V -C2S 2.165 C2S

2.15 I --C2S
2 3-C2S 2.08 vvw C2S

2.05 vvw C2S
2 6 3 -C23

1.9V4 4 3-C2S, CH 1.98 vw C2S
1.92t 23 CH 1.93 ms CH
1.89 9 2 3-Cr
1.;3111 12 C-S-t*-H 1.825 ms/b C-S-l
1.7",- t CH 1.799 s C11
1.707 1 3-C-S
1. 68 6 CH 1.69 m CII
1.627 1 2-C2S 1.62S w CH
l.54, 2 .-C2S
1.524 2 3-C2S
1.432 3 CH
1 3 C1

Net peak height referred to net peak height of strongest peak as 100.
* Halo from 26 to 38 two-theta.

" two t'.ita w: 'c at 'ase.



i. Table 15

_ample 37: Tetracalcium Aluminate emicarbonate-12-Hydrate

f Laborator 5 Laboratory 6
d.A Id.A _

8.12 vvs 8.2 10
7.8 1

5.405 vw
5.12 w 5.11 3 C3 AH6
4.895 w

4.62 4
4.43 2 C3AH6

4.104 vs 4.09 7
3.873 s 3.87 9

3.77 1
3.50 2

3.359 w 3.35 2 C3AH6

3.245 vw
3.134 vw 3.13 2 C3AH6

3.02 1
2.88 m 2.88 9

2.83 3
2.,-0" w 2.80 3 C3AH6
2.72b m 2.72 8

2.62 2
2.54" in 2.54 8

2.47 1 C3AH6?
2.448 M 2.44 9

2.358 . 2.35 6
2.319 w 2.31 4
2.293 Ms 2.29 3 C3AH6

2.22 4
2.20 2

2.166 w 2.16 2
2.07 1

2.043 m 2.03 5 C3AH 6 ?

1.985 i 1.98 4

1.939 w 1.94 3
1.88 1
1.86 5
1.85 5
1.80 1

1.771 w 1.78 1
1.75 w 1.75 3

1.74 3 C3AH6?
1.70 1
1.68 1
1.67 1 C3 AH6

1.663 w 1.66 8

1.635 w 1.63 7

7 more lines to 1.42



Table 16

Sample 38: Tetracalcium Aluminate Carbonate-ll-Hydrate

Laboratory 3 Laboratory 6
1* ___,A ___

7.12 100 7.6 !U

5.71 <1 5.72 1

5.1.4 <1 C3AH 6  5.12 2 C3A 6

4.,3 <1 4.94 1

4.35 1 Gibbsite? 4.58 1
4.8? 1

4.68 <1 Bayerite? 4.3)6 2

4.49 1 C3AHC. 4.46 3 C3 Al16?

4.36 2 4.34 4

3. 2 3.97 3
3.1:1- 5

47 3.80

3.65 1 3.64 3

3.46 3 3. 65
3.40 1

3.3- <1 C3AH6  3.34 1 C3AH6

3.3" <1 3.29 1

3.14i. <1 CYAH6  3.13 1 C3AH6

3.03 <1 Calcite 9

2.82 3
2.j ! C3AH6

2.779 2 2.78 5

2.72" 4 2.7. 7

2.654 1 2.65 1
2.62I

2.376 <1 2.58 2
2.--4 2.53 7

2.52 2

' 5 2.49 6

2.46 7

4,.4 112.44
2.422 12 2.L2

2.31 11 2.33 8

2.2 2 C3,H6. 2 .29 3 C3A6-

2.26

1 2.23 3

2.214 <1 BayeriLC' 2.21 3

2.167 5 2 41 i2". 6 j 3

1 2.1 6 J

2.1152.111
2. 0-1. 2 .0 - 31 63< 2.

• Intensitye~ e:'.-,sed a: net F.-eak feir. t rLo rre to .,t ol 7. .,-, -A -.



F
Table 16 (Continued)

Laboratory 3 Laboratory 6

2.036 2 C3AH6 in part? 2.03 2
2.02Q 2 2.02 1 C3AH6
2.013 3 2.01 3
1.0"<2 <1 1.99 2
1 . 6 6 1.94 4

1.93 2
1.06 <1 1.90 2
1.8 2 1 1.88 2
1.801 3 1.86 4

1.83 1
1.824 4 1.82 4
I. 7% C <1 1.80 1

1.77 1
1.751 <1 1.75 1
1.749 <1 C3AH6  1.74 1
1.723 <1 1.72 1
1.714 1 1.71 1
1.6.0 <1 1.69 1
1.67W <1 C3AH6  1.68 1
1.663 2 1.67 1 C3AH6

1.66 
5

and five lines to 1.60

* Intensity expressed as net pcak height referred to height of 7.62-A peak.



Table 17

Sample 39: Tetracalcium Aluminate Monosulfate-12-Hydrate

Laboratory 3 Laboratory 6
dA I* dA

9.8 2 Ettringite 9.8 1 Ettringite
8.96 100 9.0 10
5.60 <1 E 5.62 1 E
4.90 1 4.92 3
4.68 <1 E 4.70 1 E
4.47 32 4.48 8
4.00 12 4.00 9
3.88 <1 E 3.88 1 E
3.65 1 3.66 3

3.47 <1 E 3.48 1 E
3.24 <1 E
3.031 <1 Calcite
2.879 6 2.88 9
2.778 1 E in part? 2.78 1 E?
2.741 3 2.74 6
2.615 < E 2.63 1 E? or Ca(OH)2?
2.559 <1 E 2.56 1 E
2.479 <1 2.48 2
2.44 9 4 2.45 8
2.421 8 2.42 8
2.3o2 4 2.36 2
2.336 2 2.34 4
2.260 1 2.26 3
2.'36 2 2.24 1
2.18) 4 2.20 1 E

2.19 3
2.149 <1 E 2.15 1 E
2,088 i 2.09 2
2.072 6 2.07 6
2.01, 1 2.00 3

• : 152 1.91 2
1.879 <1 1.88 2
Iq67 <1 1.87 2
1.825 3 1.83 4
1.816 1 1.81 3
1.738 <1 1.78 2
1.765 1 1.77 2
1.742 <1 1.74 1
1.6'l <1 1.69 1
1.661 2 1.66 7
1.t 34 1 1.64 1

1.63 5

* Intensity expressed a. net peak height referred to net peak height of

8.96 A peak.

44



Table 17 (Continued)

Laboratory 3 Laboratory 6

_dAL ~ * ___ dLA I ______

1.589 2 1.59 2
1.558 <1 1.56 3

1.544 <1 1.54 3
1.522 <1
1.504 <1

1.492 <1 1.49 2

1.454 <1 1.45 1
1.439 <1 i1.44 3
1.422 <1 1.42 2
1.392 2 1.39 2

1.38 1

1.37 2
1.35 2

* Intensity expressed as net peak height referred to net peak height of

8.96 A peak.

4°



Table 18

Unstable C4AH 1 0o" 5

Taboratory I Laboratory 3 Laboratory 5
d.A I_ ___ dA I d,___ A I _____

7.91 100 C4A111 3  8.20 100 H 8.19 ss H
7.00 7 M 7.81 s C4 A0.SHIo

5.25 <1

).13 2 C3AH6  5.12 1C C3AH6  5.13 s C3AH6
4.ql <1 CH 4.89 28 CH 4.91 s CH

4.62 <1 H1 4.785 ww H
4.4. <1 C3AH6  4.43 7 C3AH6  4.440 m C3AH6

4.09 28 H 4.105 s H1
3.96 22 C4 AI 1 3
3.7i 2 M 3.86 4 H 3.870 b H

3.50 <1 H
3.30 1 C3A116  3.348 8 C3AIH6  3.336 m C3AH6

3.248 <1
3.136 6 C3AH6  3.140 w C3AH6
3.11 2 CH 3.115 w CH
2.87, 2 H 2.880 ww 11

2.1 1 C3.\Ii 6  2.806 12 C3AH6  2.813 u, C3 AI16
2.731 wwb

2.712 1 H
2.676 1 C3AH6  2.682 ww C3A1 6

2.,C'. I CI 2.624 8 CII, H 2.629 m CH,I

..362 3 C3AH6  2.C71 w O.AH 6
2.540 2 11

2.47 1 flA{ 2.460 5 C3AII, 2.469 w C3 AI16
2.'43 3 d, Cf

.350 1it
?.3 2 C3 ",{ 2.290 16 C3 A 6  2.298 m 3A116

2.210 2 C3AH6, I1 2.209 b C3AH6
2.161 <1 if
2.116 <1

. C3 ;1,, 2.(,3' 1- C3AH,, H 2.040 s C3A1I6, It
I C3 A11 6  1.984 2 C3 AI16 , H 1.987 wr CIAI(,, 11

L.922 5 CH 1.926 w Ce

if = C.AC o1h{; ',= CA Cli 2 . References: H. F. W. Taylor, The
Chemi;try of Cem-.nts, Vol 2, pp 394-396; cards 3-125, 4-733, Joint
C. U- cu n )w(.,-r oiffraction Standards; M. H. Roberts, Calcium
.'Lm.inatc Hydirate, -ind Related Basic Salt ' )lid Solutiens, 5th Int
.';ytaoiun on Lhe Clwmi'try of Cemeiits, Tokyo, 19-, , N,)l 2, It)(.



Table 18 (Continued)

Laboratory 1 Laboratory 3 Laboratory 5
AdA I ____ dA I _____ d.A I ______

1.851 <1 H
1.810 3 C3AH6, H 1.814 w C3AH6  !
1.792 1 H, CH 1.796 wwb

1.774 <1 H 1.776 wwb H
1.74 <1 C3AH6 , H 1.740 6 CA 6, H 1.745 w C3AH6,H

1.707 4 C 1.711 w
1.68 <1 C3AH6  1.676 9 C3AH6 , CH 1.680 m C3AH6

1.662 1 H
1.630 <1 H
1.594 2 C3AH6  1.597 ww C3AH6
1.574 1 C3AH6 1.572 ww C3AH6
1.540 <1 H
1.522 <1 H 1.482
1.500 <1 H

1.480 1 C3AH6 , CH 1.482 ww C3AH6, CH



Table 19

Sample 41: Ettringite

Laboratory 3 Laboratory 6

10.72 2 Cu Kq of 9.75 11.0 2
9.75 100 9.8 10
8.34 9 8.9 4
7.1" 1 Not ettringite 7.2 2
5. 7 4 5.81
5.62 50 5.63 8
4.7 12 4.99 5

4.,6 4 4.86 2
4.70 is 4.72 8
4.43 <1
4.02 4 4.03 3
3.57 28 3.89 9
3.67 3 3.68 2
3.60 7 3.61 5
3.4,1 17 3.48 7
3.271 4 3.27 3
3.241 12 3.24 5

3.20 1
3<. 1 01 < 3.10 1
3.WIS 4 3.02 5
2.J06 3 2.81 2
2.774 21 2.78 9
2.717 1 2.72 i

2.69 2
_.63u 6 2.68 3
2.312 11 2.62 5
2.3:'2 13 2.57 9
2. 522 2 2.52 2
2.4.85 2 2.49 3
2.40 5 2.41 4
2.343 2 2.35 4

2.32 1
2.28 1

2.214 2.23 4
2.208 21 2.21 9
2.16-4 4 2.18 3
2.151 1H 2.15 7

2.13 1

2.123 3 2.12 2
2.079 <1 2.08 2
2. 2 2.06 3

Intensity e-xpres:;ed as net peak height referred to net peak height
o 9.75 A line.

" Not on card )-414 of Joint Co.mittee Powder Diffraction File

:. 5"0



Table 19 (Continued)

Laboratory 3 Laboratory

4,A I* dA I

2.030 <1
2.01 2

2.003 <1

1.976 1 1.98 2
1.973 1

1.943 6 1.95 4
1.93 1

1.91 2

1.901 <1 1.90 1

1.872 <1 1.87 1
1.86 4

1.852 5 1.85 2
1.843 5

1.83 2

1.825 3 1.81 2

1.809 1 1.80 2
1.802 1
1.788 <1 1.79 3

1.78 1

1.765 2 1.76 3

1.742 <1 1.75 1
1.72 2

1.71 4
1.691 <1 1.68 4

1.661 2 1.66 5
1.634 1 1.62 4

1.61 1
1.60 2

1. 5-9 2
1.58 2
1.575 4
1.57 1

1.558 <1
1.540 <1 1.54 1

1.53 1
1.52 1
1.51 3

1.503 <1 1.495 1

1.491 <1 1.49 1

* Intensity expressed as net peak height referred to net peak height of

,,'.75 A line.
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MS E CHHG E ALITE AF MC MS E

Nr* 365 DAYS

9 0 DAYS

20 i 61 21
DEGREES TWO-THETA

l.. . Partial diffractometer charts of' pastes of' 0.65 w/c, cement No. 1.
B:7r,1st 10, 30 b-~am -:lit ac Soller, 0.20 detector slit, scanning speed
0.0pr minute, linear' rate meter operation with full-scale deflection

1000 -oitrit ner second, time constant 8 sec; M~ C 4A~fH1 2 * MC =COZA Hll.
*H", h ,1rogarnet



E

E HG ALITE MC MS

MS CH

20 18 16 14 12 10 8
DEGREES TWO-TH4ETA

-.PtiLl 'lirf!ractometrr charts o~f pastes o1' 0.65 w/ , cement No. 22
* in !'ig. 1. The hydrogarn.ot lin-- at 17.5 two-thcta is shown but evidenco~
J, r~~c is sufg :3ted only at 7 days. The broad indefinite bulge

mxrkCH1:1 in !'harts ofk 7 throw;h 90 day ps.;covers a ranrc of

~;t~ ~n!zanI alternate ideritificatioflz could be, marlp.
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C H

CH

HG, ALITE,
BEl ITE_

C4 AH 12 ,
BELITE

ALITE, --
BELITE -H

HG

W/C =0.65

38 34 32 30 28 28
DEGREES TWO-THETA

Ligurf: 4. Partial diffractc'meter charts of 365-aay pastes, cement No. 1.
ondi'itionp as in fig.s. 1 through 3 except logarithmic rate meter operation
A:th ti~constants 30, 7.5, and 2 sec in the first, second, and third

icca"8.t' the s'-_aliE.. Residual silicates present in 0.35 w/c paste.



C H C H

C-S-H

C4 ASH12

ALITE
AND BELITE

W/C 0. 65

3'6 34 32 30 28 26
DEGREES TWO-THETA

Fiu ~ "~ hart.-: of 36 5-day pastes of cement No. 2. Both
i~n )fl rrid al silicates.

past-,L -tri,.r( L



ALITE AND
CH BELITE

AF C-S-H
AF CH

2.gI15

W/C =0.65

w/C =0.35

ALUMINO FERRITE

36 34 32 30 28 26
DEGREES TWO-THETA

Figtu-e.6.. (hart, o'. 365-day Paster; ot. cement No. 3. Strong
!-(,.iii.(ual aluwminoV'-rrlto rclld solutions and somt- siliRtes.
'.;pa inir at 2.915 urlrlflti llod.

S~.7



CHCSH+ CSHCHAF I AI
CSH S

H

I I I I I C HII

51 50 4936 34 32 30 28
DEGREES TWO-THETA

'uno 7. Charts ov 0.65 1T/c 365-dlay pastes of' all three. cements, with
-y r-hdraecialite as comparison. The alite spacing between 290 and

apjw'ars loncr than those of the cements. C-S-H =C-S-H gel;
.-- *L-cates (alito" and belite).


